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Summary In this paper, the well-known nonconforming Morley element for biharmonic
equations in two spatial dimensions is extended to any higher dimensions in a canonical
fashion. The general n-dimensional Morley element consists of all quadratic polynomials
defined on each n-simplex with degrees of freedom given by the integral average of the
normal derivative on each (n — 1)-subsimplex and the integral average of the function value
on each (n — 2)-subsimplex. Explicit expressions of nodal basis functions are also obtained
for this element on general n-simplicial grids. Convergence analysis is given for this ele-
ment when it is applied as a nonconforming finite element discretization for the biharmonic
equation.

Key words Nonconforming finite element, forth order elliptic equation, biharmonic, Mor-
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1 Introduction

In this paper we consider nonconforming finite elements for higher dimensional fourth order
elliptic equations. There are some well-known nonconforming finite elements in two dimen-
sional case (cf. [1]-[4]). Among them, the Morley element is perhaps the most interesting
one. The Morley element has the least number of degrees of freedom on each element for
fourth order boundary value problems as its shape function space consists of only quadratic
polynomials.

Motivated by both theoretical and practical interests, in our recent paper [9], we pro-
posed and analyzed several tetrahedron nonconforming finite elements for three dimen-
sional fourth order elliptic partial differential operators. But the extension of the Morley

*

The work was supported by the National Natural Science Foundation of China (10571006)
** This work was supported in part by NSF DMS-0209497 and NSF DMS-0215392 and the Changjiang
Professorship through Peking University



2 Wang M., J. Xu

element to three dimensions was then not obvious. In [5] an extension of the Morley ele-
ment to n-dimensional case (n > 2) was given in a special manner, but it is interesting to
note that this extension does not recover the two dimensional Morley element in the gen-
eralized family. In this paper, we generalize the two dimensional Morley element to any
n-dimensional case (n > 2) in a more canonical fashion . Our generalization naturally re-
covers the two dimensional Morley element and also the three dimensional element given
in [5]. Our new element is different from the element in [5] when n > 3. An error estimate
was given in [5] for (and only for) the three dimensional case, but this estimate is not as
sharp as the one that is obtained in this paper for any n > 2 in a unified analysis.

With quadratic polynomial as shape function on a general n-simplex, the degrees of
freedom of the general Morley element presented in this paper are given by the integral
average of the normal derivative on each (n — 1)-subsimplex and the integral average of the
function value on each (n — 2)-subsimplex. It is intriguing that everything just fits together
very nicely.

The paper is organized as follows. The rest of this section gives some notation. Section
2 describes the Morley element for the n-dimensional case with n > 2. Section 3 shows the
convergence of the element (following the work of Shi [6]). The final section contains some
brief concluding remarks.

We will use the following standard notation. {2 denotes a general bounded polyhedral
domain in R™ (n > 2), 942 the boundary of 2, and v = (,v2,--- ,1,) ' the unit outer
normal to 02 . For a nonnegative integer s, H*(£2), || - ||s,o and | - |, denote the usual
Sobolev space, its corresponding norm and semi-norm respectively, Hj(£2) the closure of
C§°(£2) in H*(£2) with respect to the norm || ||s,2, and (-, -) the inner product of L?(2). For
a subset B C R™ and a nonnegative integer r, F.(B) denotes the space of all polynomials
on B with degree not greater than r.

2 The n-Dimensional Morley element

In this section, we will give a detailed description of our new n-dimensional Morley element
and discuss some basic properties. In §2.1, we will give the definition of the element and its
justification. In §2.2, we will give an explicit construction of the nodal basis functions. In
§2.3, we will discuss some basic properties.

2.1 The definition of the new element

Let T be a general n-simplex with n + 1 vertices denoted by ¢ = (1,2, - ,xm-)T

(1 <4 < n+ 1) and with its barycentric coordinates denoted by X, Ag, - -+ , Ap11. We will
use F; (1 < i < n+ 1) to denote the (n — 1)-dimensional subsimplex of 7" without ¢;
as its vertices and b; its barycenter and Sj; (1 <4 < j < n + 1) to denote the (n — 2)-
dimensional subsimplex without ¢; and a; as its vertices. As usual, ||, | F;| and |.S;;| denote
the measures of T', F; and S;; respectively.

Definition 1 (The n-dimensional Morley element) The Morley element of n-dimension is
defined by (T, Pr, dr) with
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1. T is an n-simplex.

2. Pr = Py(T), the space of all quadratic polynomials.

3. @7 is the vector with its components the following degrees of freedom,
1 1 ov

v,1<i<j<n+1, — [ —, 1<j<n+1, YoeCYT). (1)
|Sij|Lij \Ej| JF, Ov

Remark 1. Forn = 2, S;; = ay is a vertex of T'. We have

)
v =wv(a).
1Si5] /s (a)

We thus recover the definition of the Morley element in two dimensions, see Fig. 1.

Fig. 1

Remark 2. Forn = 3, S;; are edges of the simplex, the degrees of freedom are illustrated
in Fig. 2.

d
'
Fig. 2

Remark 3. Just like the 2-dimensional Morley element, the degrees of freedom of the
element can be replaced by
1
|51

0
/ v,1§i<j§n+1,a—v(bj),lgjgn—i-l,VUECl(T).
Sy v

In this situation, the corresponding basis functions remain unchanged and the corresponding
finite element spaces are the same as the previous case.
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Remark 4. Lete;; (1 <14 < j <n+1)be the edge of T' with g; and a; as its endpoints,
and let |e;;| be its length and m;; its midpoint. The n-dimensional Morley element given in
[5] has the following degrees of freedom:

L—p
lei;]

0 .

S2(b), 1< St 1, Yo e CHT), @)
v

where ;4 = 4 — 12/n and n > 2. This family of elements exclude the existing Morley

element for n = 2. It is interesting to note that this element is identical to our new element

for n = 3 but is quite different from our element for n > 3.

po(msj) + v, 1 <i<j<n+l,

Lemma 1 Given v € C(T), the degrees of freedom given in (1) uniquely determine the
integrals of all first order derivatives
/ A%
Fj

on each (n — 1)-dimensional subsimplex F; of T.

Proof Given 1 < j < n + 1, denote the unit normal of F; by v, all (n — 2)-dimensional
subsimplexes of F; by 51,52, - , Sy, and the unit out normal of S; by n9, viewed as the
boundary of an (n — 1)-simplex in (n — 1)-dimensional space. Given any constant n-vector
a € R", let 7 = a— (a-v)v. Then 7 - v = 0, namely 7 is tangent to F'. It follows that

Jdp - .
Vp - a= a-u/ —+E T-n(l)/P. 3)
/Fj ( ) Fjay i=1 Si

This gives an explicit expression of || F, Vp - « in terms of the degrees of freedom (1) for
any « € R™. The desired result then follows.

We now prove that the n-dimensional Morley element is well-defined.
Lemma 2 For the Morley element of n-dimension, $r is Pr-unisolvent.

Proof Because the dimension of (T') and the number of degrees of freedom are all § (n -+
1)(n + 2), it is enough to show that if p € R (T') and

0
/)p:Q1§i<j§n+L P 1<j<n+1 &)
Sij F; ov
then p = 0.
By Lemma 1 and its proof, we deduce that
/szO, 1<j<n+1. (5)
F.

Now let 1 < k,l < n. By Green’s formula and (5) we have

82]) 1 n+1
a,’L‘ka’L‘l |T| a,’L‘ka’L‘l |T| Z / 8—£Ekyl

That is, p € P (T'). From (5), Vp = 0 and p is a constant on 7. Hence p = 0 by (4).
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2.2 The nodal basis functions and the nodal value interpolant

For both theoretical and practical interests, we now give an explicit construction of the nodal
basis functions for our new n-dimensional Morley element. Explicit nodal basis functions
of course allow an explicit definition of the canonical nodal basis interpolant for the n-
dimensional Morley element.

The nodal basis functions Let us first give the formulae for nodal basis functions.

Theorem 1 The nodal basis functions associated with the degrees of freedom given by (1)
for the n-dimensional Morley element are give by

( 1
e W
TPV
pij =1—(n =1+ X)) +nln— 1A, (6)

k(A — 2
—(n—1)VA V), Z Ak(nAx —2)
k=i,j

(n>‘i_2)a ISZS’I’L-{—I,

VA ST En T

\

where |V \;|| is the Euclidean norm of V \;.

Proof Let1 <i<n+1,1<k<i<n+1.Ifk=1iorl=ithengls, =0.1fk # i

and [ # 4 then
1 (n—=2)! [2n 2

For j € {1,2,--- ,n+ 1}, =V, is the outer normal of F; and the integral average of a
linear polynomial over F} equals to its value at point b;. Since

. W2
ey 0 Jd = b
V%ZHEKWUM“_DVM’ Vai(b) =4 IVl
’ 0 i# i
we obtain that fori € {1,2,--- ,n+ 1}
1
— | g=0 1<k<li<n+l,
|Skil Js,,
1 P (7)
— | L =6, 1<k<n+1,
Fy| Jp 00— T =

where §;;, is the Kronecker delta.
Nowletl <i<j<mn+landl <k <l<n+1.Ifk=iand! = jthen p;j|s,, = 1.
If {4, 7} N {k,(} has only one element, for example k = i and [ # j, then

1 1 1 n—1
1Skl Jso ™7 18wl Jsa (1-(-1y) = ("_2)!((n—2)! - (n—l)!) =0
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where we have used the first equality of (7). If {7, 5} N {k,{} is empty then

|51M| < ij:@ ; <1_(n_1)(>‘i+>\j)+n(n—1)>\i>\j>
1 2(n —1 n(n—1
:(n_2)!<(n—2)!_(7(7,—1)!)+ (n; )>=0-

By virtue of the following equality

A — 1)VA
Vpij = (0= 1)(= VA = W + 00V + 4 7h) — VAT W)y Z (N — )V (e~ V)

|V>‘k:H2
we have
VA
—VA; + VA V) k=i
VA VAot T
Vpii(be) = § _ya, T V), .
e
0 k# i, j.
Therefore
3;%'
—(bg) = 1<k< 1.
ov ( k) 0, <k<n+
In summary, we have, for1 <i<j<n+1
1
= [ pij=06bj, 1 <k <l <n+1,
1Skl Js,,
1 Ipij (8)
= 1]20’ l<k<n+l
|Fk| F, ov - -

From (7) and (8), p;; and g; are the nodal basis functions with respect to the degrees of
freedom (1).

Theorem 1 can of course be used directly to give another proof of Lemma 2.

For practical interests, let us take a closer look at the nodal basis functions in three
dimensional case. We note that V)\; is a constant vector and can be represented by the
components of vertices. Set

(22 — T23) (T34 — x33) — (23 — T24) (733 — T32)

c1 = | (z13 — z12) (T34 — 233) — (T14 — 713) (733 — 32) |,
(13 — T12) (223 — T24) — (T14 — T13) (@22 — T23)
(223 — z21) (w34 — 733) — (T24 — T23) (233 — ¥31)

c2 = | (11 —213) (234 — 33) — (213 — w14) (w33 — w31) |,
(11 — @13) (w23 — T24) — (213 — 214) (@21 — @23)
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(w21 — z22) (234 — 232) — (22 — T24) (@32 — 231)

ez = | (z12 —z11) (234 — 232) — (T1a — z12) (232 — 231) |,
(z12 — 211) (722 — ®24) — (T14 — T12) (721 — T22)
(22 — w21) (233 — 232) — (23 — T22) (@32 — 231)

Cq4 = (3311 - 3712)(:1733 - 3332) - (3312 - 3313)(:1732 - ]731)
(3311 - 3712)(:1722 - 3323) - (3312 - 3313)(:1721 - ]722)

Then, for the 3-dimensional Morley element, its nodal basis function can be written as

T
%wxi—z), 1<i<4,
&)
pij =1 —=2(N + ) + 6N — ¢l e; Y
k=i,j

;=

_ )
Ak 3A’“2 2) L 1<i<j<A.
ekl

The nodal value interpolant  With the nodal basis functions given above, the corresponding
interpolation operator I1 can then be given by

N n+1
o= Y 2L oy Z Vo € HX(T). (10)
1<i<j<n+1 1Sis| Js |F |k 8y
By construction, we have
Ilrp =p, Vpe P(T). (1)

Using (11) and the interpolation theory [2], we obtain the following lemma.

Lemma 3 For the n-dimensional Morley element, there exists a constant C independent of
h such that

v — 70|y < Ch3 " ™v|3r, 0<m <3, Yo HT), T € Th. (12)

Define IIj, by (IIyv)|7 = IIT(v|r), VI' € Ty, where v is appropriately smooth. By (7),
(8) and (10), we have, for v € H?(T),

1 / / L
— IIrv v, 1<i<ji<n+1,
|Sij| . |SZ]|
1

3HTU
= 1< < 1.
|F|/ ~1F Jr au JEnt

The n-dimensional Morley finite element space Let hr be the diameter of the smallest ball
containing 7" and pr be the diameter of the largest ball contained in T'. Let {77, } be a family
of triangulations of (2, consisting of n-simplexes, with mesh size h — 0. Throughout the
paper, we assume that {7y, } satisfies: hy < h, VT' € T}, and there exists a positive constant
7n independent of h, such that nh < pp, VT € Tp,.

For the n-dimensional Morley element, the corresponding finite element spaces Vj, and
Vo are defined as follows. V}, consists of all piecewise quadratic functions on 7j, such

(13)
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that, their integral average over each (n — 2)-dimensional subsimplex of elements in 7y,
are continuous, and their normal derivatives are continuous at the barycentric point of each
(n — 1)-dimensional subsimplex of elements in 73, and Vj consists of functions in V},
whose degrees of freedom (1) vanish on 0{2.

2.3 Some properties

For v, € Vi and T' € Ty, denote by vg the continuous extension of v, from the interior
of T' to T'. Given any (n — 1)-dimensional subsimplex F', let us define the jumps of v, and
Vuy, across F' as follows:

[vn] = v} — v} and [Vup] = Vol — Vo]
if F =T NT for some T,T' € T;, and
[vp] = v} and [Vu,] = Vo]

it F=TnNofn.
The first property we will state now is a direct consequence of Lemma 1.

Lemma 4 If F is a common (n — 1)-dimensional subsimplex of T,T' € Ty, then
/F[Vvh] =0, Vv, €V (14)
If an (n — 1)-dimensional subsimplex F of T € Ty, is on 02 then
/F[Vvh] =0, VYo, € Vi (15)
Lemma 5 There exists a constant C' independent of h such that
[fonlllg & + 2|V on]o 5 < Ch3/2<|vh|2T + [vnl2 T,) Yoy, € Vy, (16)
if F =T NT"is a common (n — 1)-dimensional subsimplex of some T,T' € T, and
[lwallly » + BV oRllg 5 < CH*lonlors  Von € Vi (17)

if F =T Non.

Proof Letvy, € Vj, and F = T NT'. From (14) we know that [Vuy,] vanishes at a point on
F'. Then

s 7o) < g 3 [ [5750| 09

By a standard scaling argument (or inverse inequality), we obtain

|90y, < CBY2(lonloir + fonlzr ). (19)
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From the definition of V},, [v;] vanishes at some point on F'. Then

1on]llo o < R0/ mapx |[on) ()| < A2 ma [|[Von] (2) | < CR[|[Vonl] -

(20)
Inequality (19) leads to

Nl < OB (lonlosr + [onlayr ) @1

Inequality (16) follows from (19) and (21).

Let vy, € Vjpand F = T N 92. Then [v,] = vp|r and [Vv,] = Vup|p. From the
definition of Vg and (15), [vy] and [Vvy] vanish at some points on F' respectively. Then
inequalities (18) and (20) can be proved similarly in this case. Thus inequality (17) is true.

3 The convergence analysis for the biharmonic equations

For f € L?(£2), we consider the following boundary value problem of the biharmonic
equation
A%y =T, in {2,

ou (22)
uloa = o ‘ao B
where A is the standard Laplacian operator. Define
n

0*v  Pw
= —, V H%(02). 23
a(v, w) /Q — Qr;0x; 0x;0x;’ vw € H(82) 9

,=1

The weak form of problem (22) is: find u € H3({2) such that
a(u,v) = (f,v), Vo€ H{ (). (24)

The 2-dimensional Morley element is a convergent element for the fourth order elliptic
equations (see [2,3,6,7]), while it is divergent in general for the second order equations (see
[8]). In this section, we discuss some convergence properties of the n-dimensional Morley
element for problem (22). The main idea of the analysis follows from Shi [6].

We introduce the following mesh dependent norm || - [}, 5, and semi-norm | - |, p:

1/2 1/2
ol = (32 Wlz) s fobmn = (3 o)
TeTh TeTh
for all function v € L?(2) that v|; € H™(T), VT € Tp,.

Lemma 6 For any v, € Vj there exist functions wp, € H}(£2), 0 < k < n, such that
whilr € C°(T),YT € Ty, and

[vp, — Wholmp < CH* "|uplop, 0<m <2, (25)

L SOR T oplop, 0<m <1, 1<k<n (26)

)

where C'is a constant independent of h.
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Proof Letvy, € Vi, and let P} : L2(T) — P;(T) be the L?-orthogonal projection. Define
Pl L?(2) — L?(£2) as follows: for any v € L*(£2), Plv|r = Pjv, VT € T, Set

0
¢no = Prvn, ¢ne = Dy avh 1<k<n.

By a standard error analysis, we have

o = dnolmn < Ch* ™|uplap, 0<m<2,

9 27
G~ k], S OW Tl 0<Sm <1 1<k <.
x m,
Givenaset B C R", let T,(B) ={T € T, |BNT # 0} and Nj(B) the number of
the elements in 73, (B).
For k € {0,1,--- ,n}, we define wy, € H{(£2) as follows: for any T' € Ty, wpi|r €
P (T)and fori € {1,2,--- ,n+ 1}

Z ¢hk a;)

whk(az =
) T'eTh(a;)

when vertex a; of T is in {2. Obviously, wyy, is well-defined. To prove the lemma, we only
need to show that

lvp — Wholmp < CH* ™vlop,  0<m <2,

9 (28)
S gy <Ol 0<m <1, 1< B <

(9xk m,h ’

LetT" € Ty, by a standard scaling argument, we have

n+1
Pl < CR"2™ N " |p(ag)?, 0 <m <2, Vpe Py(T). (29)
=1

If vertex a; of T is in {2 then by the definition of wy,

(Bhe — wnr)(@i) = dplai) — ——— > i (i)
T’E’/’h(az)
_ 1 TN T (.
~ N (a;) TIG%:(%) (¢hk(az) ¢hk(az)>.

For T" € Tp(a;) there exist Ty, --- , Ty € Tp(a;) such that Ty = T, Ty = T" and F'j =
Tj N Tj41 is a common (n — 1)-dimensional subsimplex of 7; and Tj; and a; € Fj,
1 < j < J. By standard inverse inequalities, we have

T T 2 = T} +1 2
Bholai) = o] =| D (dran) = 61" ()]
j=1
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< Ch,l " Z ‘¢h0 ¢hj+1

<OZ i) — o (o)

0,F;

J—1 T T 9
<o S (ot o]+l — o] + Il )-
= 0 0,F; o1

Similarly,

, 2
b (as) — By (ai)

J—1

S M (L
j=1

Tj+1
‘ vy,
oxy,

¢h]+l

o lvlls )

[

when 1 < k£ < n. By a standard analysis, we obtain

) J J—1
< O (h3 > o5z +> H“h”a@)’
j=1 j=1

[ho(ai) — #h(ar)

J—1

<o n<hZ|vh|2T +Z‘vvh”gp> 1<k<n.
7=1 7=1

‘Qbhk ai) — dhg(ai)

From Lemma 5 we have

9 J
<Oy ol
j=1

[To(ai) — ¢ (a:)

J

ENE B

‘éb/{k(ai) — ¢rpla;)| < CH*™" Z |v|%,Tj, 1<k<n.
j=1

Since N, (T) is bounded, we get

|(¢go - whO)(ai)|2 < Cpt" Z |U|%,T’v

T'€7,(T) 0
(e — wak)(ai)|> < CR*" Z w3, 1<k <n.
T'€73,(T)

If vertex a; of T is on O{2, there exists T' € T, (a;) with an (n — 1)-dimensional sub-
simplex F' of T" belonging to 02 and a; € F. By the definitions of wy,, and ¢,

(o — wno) (@i)] < |$ho(ai) — bholai)| + o] (ai) — Bholan)] + v (ai)l-
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andfor1 <k <n

TI
vy,
ox k

Tl
vy,

Bk — wie) (ai)] < |php(ai) — dplai)| + . (a;) — dpi(as)
k

+ ‘ (a;)|.

By scaling argument and Lemma 5, we have
[or, (as)[* < OB om0,

81),?
oxy, (a4)

2 2 2
S Ch 7n|vh|27Tl, ]_ S k S n.

Using a routine analysis, we have
U ! —
i (ai) — dho(ai) > < CH* " on 3 v,
a’UT, T
83;; (@;) — Ppy(a:)

By a similar analysis for |¢f, (a;) — ¢£;€(ai) ,
in this case.
Combining (29) and (30), we have

W™ |bho — wholtyr < CHY D [onl3 g,
T'eTr(T)

2™ bk — whklZr < CRE Y w3, 1<k <.
T'eTR(T)
Summing the above inequalities over all T' € 7;,, we obtain that

K" pro — wholay, < Ch* Z Z ENra

TET, T'eTi(T)

W2 \bne — whkla, S CB2 Y > Jupl3g, 1<k <
TET), T/ (T)

2 2 2
S Ch 7n|vh|27Tl, 1 S k S n.

Consequently ) , o
b bno — wholp,n < Ch*vnlap, 3D

W™k — Whil2yp < CRJopl3,, 1<k <n. (32)
Then (28) follows from (31), (32) and (27).

For v,w € H*(2) + V}, we define

(v,w) Z / Z (93:Z3$] 8m 8$] (33)

The finite element method for problem (24) is: find w, € V}, such that
an(un,vp) = (f,vn), Yop € Vi (34)
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Lemma 7 There exists a constant C' independent of h such that for v € H*(2) N HZ ()
with A%y € L?(£2),

|an(v,v8) — (A%, 03)| < Ch(Jv]s,0 + b

, )|Uh|2,h7 Yop, € Vio. 35)

Proof Forv € H3(2) N HZ(2) with A%y € L%(£2) and v, € Vjo, let wyg € HY(£2) be as
in (25). We write

ah(U,Uh) - (AQUavh) = (Gh(v,vh) o (AQanhO)) + (AQanhO - Uh)' (36)
By (25) and the Schwarz inequality we obtain immediately that
|(A2U,wh0 —uop)| < Ch2||A2’U||[)’_Q|’Uh|27h. 37)

For the first term on the right of (36), an integration by parts gives

0%vy, Pv Oy,
(A2 Zh
o)~ @) = 3 57 [ (5 S5+ o )

J=1T
ij= ) €Th 3 (38)
0°v  9(who — vp)
S [ .
it T (93:i83:j 0x;
Now let 4,5 € {1,2,--- ,n}. By (25) and the Schwarz inequality we have
Pv O(
3y / v 9w =) | ey, oh (39)
amzax ox; ’ ’

TETh

For an (n—1)-subsimplex Fj, of T' € Ty, let ng : L?(Fy) — Py(Fy) be the L2-orthogonal
projection. By Green’s formula and Lemma 4, we have

Z / v 0%, N v avh Z rf/ 0%v avh
o dx;0x; 0,01 axi8x§ axz ot 8:1:18:1:] axz
ntl 2 2
o0“v 0°v ovy, ovy,
= P P? vj,
T;hkz:l/ (axzax] B axiax) (amz Fe O ) J
which implies that
’Uh 831) (9’Uh
— )| < Ch . 40
Z / 83:Z833] 0z;0x; + Oz; 012 83%) - [v]s.2lvnl2n (40)
TET J
Equality (38) together with (39) and (40) leads to
|an(v,vp) — (A%, wpo)| < Chlvls,0lvplopn- (41)

Inequality (35) follows from (36), (37) and (41).
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Lemma 8 There exists a constant C' independent of h such that, for any v, € Vg,
2,h- 42)

Proof For vy, € Vi, let wpy € HE(£2),0 < k < n, such that inequalities (25) and (26)
hold. Then from (25) and (26)

lvnl2n < llvnllzn < Clog

vallo,n < lvn — wrollon + lwnollo,e < C(lvnlon + |wholi,e) < C(lvnlon + |vali,n),

n

Oovy, "
onlin < ( Fr whk‘Oh + ||whk||0,!2> < C<|Uh|2,h +Y |whk|1,n> < Clupzp-
k=1 ’ k=1

The above inequalities lead to the second inequality of (42).

Theorem 2 Let u and uy, be the solutions of problem (24) and (34) respectively. Then there
exists a constant C independent of h such that

[ = unllz,n < Ch(lulz,e + il fllo.e) (43)
when u € H3(02).

Proof The well-known Strang’s Lemma (see [7] or [2]) says that

lw—uplop <C| inf Ju—wplop+  sup | an (1, wn) = (f;wn)] (44)

wpEVho wp € Vo wp#0 |wh|2,h

By (42), we may replace the semi-norm | - |2 5, above by the full norm || - |2 5. The desired
estimate (43) then follows from Lemma 3 and Lemma 7.

4 Concluding remarks

The two dimensional nonconforming Morley element is a very simple but peculiar ele-
ment for biharmonic equations. In this paper, this element is extended to the general n-
dimensional case in a canonical fashion. The new class of nonconforming elements con-
structed in this paper for fourth order partial differential equations is hoped to shed some
new insight to the finite element theory on nonconforming elements. In addition to its the-
oretical interest, as pointed out in [9], this type of element is potentially useful in practice
such as in computational material sciences.
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